illustrates a systematic diagram of the proposed bearing condition monitoring technique. a rotodynamic test rig, which can produce multi-fault operating conditions. The spindle was driven by a variable speed motor running at 20 rev/sec. The two bearings were a FAG 20205K.T.C3, a self-aligning singlerow taper-bore roller bearing, and a FAG 6304 ball bearing. They were mounted in bearing housings, which in turn were attached to a base plate. The test rig provided facilities to produce the four machine operating conditions characterised by: 1. the rotating shaft dynamically balanced (referred to as 'balanced shaft'); 2. the rotating shaft dynamically unbalanced in one plane to the extent of 65xlO-5 kg.m at mid-span of the shaft (referred to as 'unbalanced shaft'); 3. the shaft with misalignment achieved by moving one bearing laterally by 1 mm relative to the other (referred to as 'misaligned shaft'); and 4. the roller bearing seeded with a defect on the outer raceway of 1mm diameter produced with an electric discharge pen (referred to as 'defective bearing').
Acoustic monitoring system
The acoustic emission transducer, a wide band transducer from Physical Acoustic Corporation (PAC) is mounted on the bearing housing with a silicone gel couplant. The AE signal from the transducer was amplified to 60 dB and bandpass filtered -100kHz to 1 MHz -with a PAC preamplifier Bearing housing
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Experimental set-up growth cracks are the primary sources of acoustic emission in metals. The acoustic signal can be detected by a piezoelectric sensor, which converts the mechanical energy carried by the elastic wave into an electrical signal.
In the case of rotating element bearings, when a defective roller surface comes into contact with other elements, it can then produce an AE event because of the release of strain energy picked up by a piezoelectric transducer.
Conventional AE parameters extracted from acoustic signals are ring-down count, rise time, event duration, energy and peak amplitude. To characterise those parameters and also to eliminate 'noise', a threshold is selected and only events that rise above the threshold are counted. Apparently, the threshold level affects the value of some ofthese parameters.
Introduction
Rolling element bearings are omnipresent in almost all kinds ofrotating machines. Here condition monitoring has obtained considerable attention for many years because a majority of problems in rotating machines are caused by faulty bearings. A reliable condition monitoring system will significantly reduce failure and unplanned maintenance, and hence the huge attendant cost due to machine downtime. Often the system is used with an operator who assists in interpretation of the machine signals for early failure detection and fault diagnosis.
Nowadays there are two kinds of methods available for bearing maintenance: statistical bearing life estimation and bearing condition monitoring and diagnostics J • Statistical bearing life estimation predicts the fatigue life of a bearing. However, its application has many limitations, since unusual operating conditions can severely decrease a bearing's life. So bearing life estimates become unreliable, leading to unexpected breakdown. On the other hand, bearing condition monitoring and diagnostics can be a very reliable method because it gives up-to-date information about the condition of a bearing.
The popular bearing condition monitoring approaches generally are vibration and acoustic emission (AE) techniques. The vibration techniques are practically useful only when abnormal conditions of structures develop. The latter one, acoustic emission techniques, are claimed to be superior to the former because it is an effective tool for early detection of damages due to metallic contact or wear action 2 . Acoustic emission is a natural phenomenon of sound generation applied to the spontaneously generated elastic wave produced within a material under stress 3 . Plastic deformation and 
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Minimum distance classification
A minimum distance classifier was used to determine the machine operating condition to which a particular AE event belongs 5 . It works by computing the Euclidean distances of the AE event (expressed as a point in the three-dimensional space of event duration, peak amplitude and energy) from the centres of the clusters for the four machine conditions. The AE event is considered to belong to the cluster whose centre is nearest. In other words, the distance is defined as Fuzzy c-mean is an iterative technique for clustering analysis and classification 4 • The user decides on the number of clusters that the data set is to be separated into, sets up an initial proximity matrix according to some rule and defines an error threshold for the stop condition of the iteration. The first iteration will generate the estimated locations ofthe cluster centres and a refined proximity matrix. With subsequent iterations, the estimates of the cluster centre locations will be more and more accurate and the proximity matrix will be updated. The iteration will stop when the change in the norm of the proximity matrix from its previous iteration becomes less than the designated error threshold. The cluster centres returned from the last iteration are taken to be the 'best' estimates.
The results that emerge from the application of the fuzzy c-mean clustering technique are shown as threedimensional graphs in Figures 2 and  3 . Figure 2 shows the AE events, 20 in total, for the four different machine conditions from the training sets. Figure 3 shows the same AE events but this time with clusters identified and their centres computed.
Fuzzy c-mean clustering technique
which, if included, would distort the characteristics ofAB events in a sub-set 3. Select the next ten AE events from the remaining list for the subsequent clustering analysis. 4. Normalise each feature in a unit vector.
The new data sets are now much shorter, and the corresponding parameters of event duration, peak amplitude, and energy will be further "analysed using the fuzzy c-mean clustering technique. each of about 30-second duration were made and they captured the AE parameters of event duration, peak amplitude and energy. These recordings were then divided into two sets of 3 and 9 each. The first set served as the reference generated from the training exercise, whereas the second set provided the test samples for validating the classifier obtained from the training process.
Both the training sets and the testing sets were processed as 'follows: 1. Sort the AE events in each set in the descending order of the event duration. 2. Discard the first ten AE events in the sorted list as they may contain outliers For each condition, twelve recordings Pre-processing of data Figure 3 : Established cluster centres using training data set from four different operating conditions. before entering an AET5500. The micro-processor based system AET5500, from Acoustic Emission Technology Corp. (AET), USA, is used to process the acoustic signal into AE parameters.
As described earlier, the selection of threshold is important in order to obtain the high signal-to-noise ratio. In this experiment, the floating threshold of 1V is chosen because it can adjust the level of threshold to eliminate the background noise. an index of similarity so that the minimum distance is equivalent to the maximum similarity.
Results and discussions
Classification results of 36 AE events from the test samples of all four types of machine conditions are given in Table 1 . It shows the output values from the minimum distance classifier.
The events were classified correctly 35 times out of 36, a recognition rate of 97 percent. The only error occurred when the unbalanced shaft condition was misclassified as that due to a defective bearing. It can also be noted that the normal machine condition of 'balanced shaft' is very distinctive from the other three abnormal conditions, as their distance values are all very small in comparison with others. In other words, this approach has very little risk of raising a false alarm.
Conclusions
The high sensitivity of the acoustic emission measurement has been shown to work well for discriminating the four different operating conditions on the rotodynamic test rig. The recognition rate achieved was 97 percent. In addition, the probability of misclassifying a good balanced shaft condition is extremely low.
The method involves sorting the AE events according to event duration, identifying clusters and locating their "Centres in the three-dimensional space of event duration, peak amplitude and energy using the fuzzy c-mean technique, and classifying using a Euclidean minimum distance classifier.
In summary, the method has the advantage that it is simple and efficient to implement and can be readily adapted to include other abnormal operating conditions as may be identified on a rotodynamic machine.
